The objective of this study was to investigate the accuracy of 3-dimensional (3D) plastic (ABS) models generated using a low-cost 3D fused deposition modelling printer.
Background
Rapid prototyping (RP) models obtained by additive manufacturing, which were initially described in the 1990s by Mankovich [1] , are based on medical imaging (CT scans, CBCT, MRI, ultrasounds) and represent portions of human anatomy at a scale of 1:1 [2] . The 4 major RP technologies are stereolithography (SL), selective laser sintering (SLS), 3-dimensional printing (3DP), and fused deposition modelling (FDM) [3, 4] . The current expansion of low-cost 3-dimensional (3D) printers is related to a recent transfer of RP patents into the public domain. As a result, more than 150 companies currently offer different types of low-cost 3D printers. The most commonly used thermoplastic materials in FDM technology are acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) filaments. Petropolis et al. [5] tested the accuracy of Cube 3D (3D Systems, Rock Hill, USA), which is a low-cost FDM printer using PLA as a thermoplastic raw material. Three 3D models of a skull and mandible were manufactured using 0.1 mm, 0.25 mm, and 0.50 mm layer heights [5] . A reference 3D model was also made with an industrial SLS printer for comparison [5] . Seven distances (5 distances on the skull and 2 transversal bony distances on the mandible) were measured by 1 observer 20 times with an electronic calliper [5] . Petropolis et al. [5] found that a dimensional error of 0.30% was observed for the SLS models and 0.44%, 0.52% and 1.1% for the 0.1 mm, 0.25 mm and 0.5 mm FDM models, respectively [5] . The authors warned about the use of ABS material as it may have some warping. However, this conclusion was not based on any experimental test but only on a literature reference from a textbook. On the other hand, Ernoult et al. [6] used a low-cost 3D printer (Up plus 2, Beijing, China) and ABS filament to manufacture 3 anatomic models and used them in 3 maxillofacial surgical cases. However, this case series article presenting clinical applications of a new technology failed to provide any: 1) ethics committee approval and informed patient consent obtained or 2) experimental validation and measurement of mean dimensional error (MDE) of 3D printed models [6] .
Low-cost 3D printers need to be validated before they can be safely used in any medical applications. The first step of such validation requires testing of the accuracy of 3D models generated by low-cost 3D printers. Therefore, the aim of our study was to evaluate the accuracy of ABS models produced by a low-cost 3D FDM printer UPplus2
® by comparing the measurements obtained using original dry human mandibles with those of plastic replicas. Our hypothesis was that the accuracy of the 3D plastic replicas from a low-cost 3D FDM printer would be clinically acceptable. We also postulated that no warping would be present with Up plus 2 3D printed models.
Material and Methods
The overall methodological procedure is depicted in Figure 1 .
Image preprocessing
Two dry human mandibles, named A and B, from the anatomical collection of Hasselt University, were scanned with a cone beam computed tomography (CBCT) device (Accuitomo ® , Morita, Kyoto, Japan). The radiological protocol was as follows: 90 kV, 5 mA, stereo mode, pixel size of 0.25 mm, slice thickness of 0.5 mm, and field of view of 140×100 mm. The scanning of dry mandibles was approved by the Ethics Committee of the University Hospitals of Leuven (authorization no. ML9593). The raw data were saved in DICOM format (Digital Imaging and Communications in Medicine). The 3D reconstruction of the 2 dry mandible surfaces was performed with Maxilim ® software (Medicim, Mechelen, Belgium), which also enables the conversion of the data to the STL format (Standard Template Library) and allows for a virtual model of surfaces consisting of a mesh of triangles. Then, Netfabb ® software version 4.9 (Netfabb GmbH, Lupburg, Germany) was used to repair the STL data and prepare it for use with the low-cost 3D printer UpPlus2 ® software (Beijing TierTime Technology Co. Ltd., China).
3D model printing
The UPplus2 ® 3D printer (Beijing TierTime Technology Co. Ltd., Beijing, China) is an RP machine based on a fused deposition modelling technique and uses ABS as a raw material. Three-dimensional models were created layer by layer with a 0.15-mm thickness, which is the minimal achievable thickness for that printer. The successive layers were composed of thermoplastic filament material that exited through a fine nozzle. The temperature of the printer nozzle for extruding ABS was 260-270°C. Three-dimensional printing is possible by the movement of the print-bed along the Z-axis associated with the movement of the print-head along the XY-axes. The printing of each model was performed in fine quality, which represents the most accurate printing option available for that printer. The model of mandible A was composed of 353 layers of 0.15 mm thickness (38.9 g of plastic), and 8 hours and 42 minutes were required to print the model in fine quality and with a lightweight filling modality. The model of mandible B was composed of 488 layers of 0.15 mm thickness (40 g of plastic), and the same time was required to print the model in fine quality and with a lightweight filling modality.
Measurements with 3D measuring arm
Two oral and maxillofacial surgeons with the same scientific background participated in this study as independent observers. A total of 26 anatomical landmarks were chosen for each mandible (Figure 2 ) to identify 13 anatomical distances.
Each of the observers identified the osseous landmarks using the measuring arm MicroScribe G2X 3D Digitiser ® (Revware Systems Inc., USA). This arm possesses 6 degrees of freedom in 3D space and a precision of 0.30 mm. The identification of the 26 landmarks was performed by each observer on the surface of the 4 mandibles (2 dry mandibles and 2 replicas made of ABS) using the contact method of measuring. To decrease the potential error due to movements of the mandibles during the measurement process, the mandibles were fixed by means of metallic wires to a work plane, and the 3D measuring arm was fixed with clamps to the working plane. The 3D measuring arm and mandibles were positioned to obtain a 90° angle between the upper and the lower arm of the 3D measuring arm when the measurements were performed on 3D models, as is recommended by the manufacturer to achieve the optimal measurement accuracy. Moreover, the 3D measuring arm was provided with a self-calibration system that was used before each series of measurements. The system consisted of pressing a "home button" from a fixed point ("home position") on the support of the 3D measuring arm. To decrease the involuntary movements of the observers, we used a joystick connected to the computer that provided a "copy and paste" option allowing immediate data collection on an Excel worksheet just by pressing a button.
To test intra-and inter-observer variability, 20 repeated measurements were recorded for each mandible and by 2 observers [4] .
Microscribe Utility Software ® allowed each landmark to be located in the Cartesian coordinate system. Excel software was used to calculate the distances from the recorded coordinates (X, Y, Z) and enabled a comparison of the distances from dry mandibles measurements with those from plastic models. The distances were calculated using the formula below:
Statistical analysis
The data were analyzed using descriptive statistics, and comparisons were performed with t tests for paired samples using SPSS software for Windows, version 16.0. According to the To measure the inter-and intra-observer reproducibility, we performed a reliability analysis using SPSS software for Widows, version 16.0. Given that we used a fixed set of observers and population of observers (as opposed to a sample of observers), the analysis was performed using the 2-way mixed model based on absolute agreement for the group of measurements between the observer and type of material (mandible) [8, 9] .
Results
A larger number of observations obviously produces a superior platform for the statistical analysis of data and the identification of tangible patterns. While considering all the distances of the mandible to be similar, the entire data set of the Average measures 1.000 1.000 1.000 Table 3 . ICC (intraclass correlation coefficient) values for Intra-observer reproducibility obtained from SPSS.
observations was analyzed using paired t tests, and the values in Table 1 suggest that the data are statistically significant based on p-value of less than 0.05 (confidence interval of 95%).
Another approach to validate our analysis is to calculate the p-values for the observations of specific distances for each of the mandibles. The p-values are tabulated in Table 2 . Paired t tests were performed for each of the distances, which resulted in 52 data sets, and the p-values for 80% of all data sets indicated statistical significance. Given the reasonably small number of observations for each of the data sets, and because approximately 62% of the datasets involved measurements less than 10 mm, we can infer that the overall data collection exercise and measurement techniques used are robust, with a negligible (very low) chance of a random error, which is a positive conclusion. The MAD and MDE values for each dataset are also provided in the tables for reference. Tables 3 and 4 list the intraclass correlation coefficient (ICC) values, which include single measurements as well as average measurements. Given that the data sets' ICC values for the different materials are close to or equal to a value of 1, the results demonstrate an excellent degree of reproducibility and consistency for the ratings (measurements) obtained by the 2 observers.
In our study, the MDE value was 3.76% because 8 of the 13 measured distances were smaller (less than 12 mm) than those of all other studies, which utilized linear distances that were 2 to 10 times longer (Table 5) . Our findings were similar to those of Barker et al., who found that a higher MDE was associated with distances smaller than 25 mm [10] . A gross visual examination indicated that dental landmarks, such as the incisor angles (Figure 3 ), the cusps (Figure 4) , and the interproximal dental contacts ( Figure 5 ), exhibited different shapes in dry and plastic mandibles. This fact could also explain a more important MDE value that was calculated from short distances and based on dental landmarks. 
Lower bound Upper bound
Single measures 1.000 1.000 1.000
Average measures 1.000 1.000 1.000 Table 4 . ICC (intraclass correlation coefficient) values for inter-observer reproducibility obtained from SPSS.
( Table 6 ). We can also note that observer no. 2 was less rigorous in using 3D measuring arm MicroScribe than the observer no. 1 (Table 6 ). In previous studies [3] [4] [5] 7] only 1 observer performed measurements that were repeated 20 times. Our study shows that inter-observer variability may exist when working with a 3D measuring arm.
Discussion
Three-dimensional RP replicas are used for almost every indication in craniomaxillofacial surgery [2, 6] . The accuracy of 3D RP medical models has already been extensively tested for the main types of RP professional high-cost technologies, such as SL, SLS, 3DP, and FDM printing technologies ( Table 5 ). The accuracy testing for low-cost 3D printers was initiated by Olszewski et al. [11] in 2014 with experimental validation of models from paper-based 3D printer (Mcor Technologies, Eire), and by Petropolis et al. in 2015 with low-cost FDM printer using PLA filament.
With the use of the Up plus 2 printer we found a similar range of values for MDE as Petropolis et al. [5] . However we found that modifications of MDE may be related to the: 1) range of chosen distances (more or less than 12 mm), 2) choice of landmarks on different types of anatomic areas (bone versus teeth areas); and 3) the individual anatomy of the bony piece to be replicated (difference of MDE between mandible A and B). We were also able to provide intra-and interobserver reproducibility, which was not performed in the Petropolis study [5] .
Moreover, no methodological gold standard currently exists to validate the accuracy of 3D models from professional RP printers (Table 5 ) [12, 13] . We found a great variability in methodological approaches when testing the accuracy of different types of 3D RP systems ( for preprocessing the data and generating the final printable STL file. Numerous protocols/parameters were used to manufacture 3D RP models (type of raw material, slice thickness). Different post-processing and finishing steps were necessary to obtain a final model. Various types of accuracy measurements were performed with differences in the: 1) number of landmarks, 2) type of landmarks, 3) type of linear distances, 4) number of observers, 5) number of repetition of measurements, 6) type of measuring instrument used and its resolution (Table 5) [3, 4, 7, 10, 12, [14] [15] [16] [17] [18] [19] [20] .
Low-cost 3D printers represent a great opportunity in the medical field, as they could allow surgeons to use 3D models at a very low cost and, therefore, democratize the use of these 3D models in all previously described and new indications. However, efforts should be made to establish a unified validation protocol (which should be part of an international consensus) for low-cost RP 3D printed models, including accuracy, reproducibility, and repeatability tests (and reporting technical information in the same style). Asaumi et al. suggested that dimensional changes may not affect the success of surgical applications if such changes are within a 2% variation [17] . 
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However, the proposed cut-off of 2% should be discussed, as the same accuracy may be not required for all types of indications [7] . Moreover, 3D RP low-cost models must also be clinically optimized, as models used in in vitro studies were done with the best-performing parameters for 3D printers. The use of different slice thicknesses, printing speeds, support table heating times, and methods of filling empty spaces should also be investigated and adapted for each specific indication.
The accuracy of a printed 3D model also greatly depends on the accuracy of the initial virtual model (Maxilim) [2] . Therefore, a further study should compare the virtual model of the mandible and teeth with the 3D CT or CBCT scan of the same 3D printed mandible. Such a study may explain why differences occur at the level of fine structures (on the teeth) when we compare the dry mandible to 3D printed models (Figures 3-5 ).
Another aspect that should also be investigated is possible methods to sterilize 3D RP FDM ABS models to allow their further use in the operating room without any harm to the patient. Additionally, the cytotoxicity of the raw material (ABS), which is provided by companies, must be tested. If 3D RP FDM models are to serve only as a preoperative diagnostic anatomical model or may serve to prebend plates, we need to determine only the accuracy of the specific 3D low-cost printer. However, when a 3D model is intended to be used in the operating room (for example, as a cutting guide) then accuracy, sterilization, and cytotoxicity tests are indispensable steps to convince any ethics committee of the safety of the product to be used.
Conclusions
Finally, our hypothesis that the accuracy of the 3D plastic replicas generated with a low-cost 3D FDM printer would be clinically acceptable appears to be correct for distances greater than 12 mm. Plastic ABS models printed by the low-cost 3D printer UPplus2 ® provide dimensional accuracy comparable to other well-established high-cost professional RP technologies. We did not find any warping on printed and measured ABS models from the Up plus 2 3D FDM printer. Validated low-cost FDM printers could represent a next step toward better accessibility of RP technologies and their use in-house for most surgeons. Table 6 . MDE (%) and MAD (mm) of the distances larger than 12 mm (transverse distances).
MAD (mm) MDE (%)
MAD -mean absolute difference, MDE -mean dimensional error.
